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CHAPTER 1

INTRODUCTION

Surface plasmons are free electron density oscillations on the metal-dielectric
interfaces, and can propagate along the metal-dielectric boundaries in the form of surface
plasmon polariton (SPP) waves with tightly confined sub-wavelength modes [1-4]. The
quest for strong mode confinement and low propagation attenuation waveguides has
motivated the research efforts on various optical waveguide structures. Surface plasmon
modes in various waveguide structures, such as thin metal films [5-9], finite width thin
film metal stripes and metal wires [10-23], metal dielectric layer structures [24-33],
trenches in metal surface [34-50], dielectric-loaded metal films [51-62], metal wedges
[48, 49, 63-70] and cylindrical metal waveguides [71-76] have been extensively
investigated. Recently, round-top gold nanoridges have been fabricated using the focused
ion beam (FIB) milling technique [68] which confirms that metal nanoridges can support
surface plasmon propagating modes.
In this thesis, I report my in-depth numerical investigations on the mode
properties of silver nanoridge waveguides, with flat-top, triangular, semicircular, and
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elliptical cross sections [77-82]. The motivation for investigating such metal nanoridge
waveguides is to find an optimal geometry that provides longer propagation distance and
higher figure-of-merit. This feature is important in applications such as in chemical and
biological sensing. Nanoridge plasmon waveguides can be fabricated with the focused
ion beam (FIB) milling technique, which is a very powerful nanofabrication technique for
realizing nanoscale structures and shapes in various materials [83].
1.1 Maxwell equations
The surface plasmons are free electron oscillation on the metal surfaces [84]. The
coupling between the free electron oscillation and electromagnetic waves propagating
along the metal-dielectric interface creates the surface waves, which are also known as
Surface Plasmon-Polaritons (SPPs) [1]. The surface plasmon is mainly caused by the
macroscopic response of the metal material, so the interactions between the surface
electromagnetic waves and free electron oscillations on the interface can be fully
analyzed by the electromagnetic theory [4], i.e. Maxwell Equations. The differential form
of Maxwell Equations is


  D

  H  J  t



B

   E   t


  D  


  B  0

(1.1)




where E is the electric field (V/m), D is the electric flux density (C/m2), H is the


magnetic field (A/m), B is the magnetic flux density (W/m2), J is the electric current
density (A/m2), and  is the free electron charge density (C/m3).
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In this thesis, I assume that there are no free charges or current (   J  0 ), with
the constitutive equations



 D  E


B


H


(1.2)

where  and  is the electric permittivity and magnetic permeability of the material

   0 r

   0  r
where,

 0  8.851012 F / m

is

the

electric

(1.3)

permittivity

in

the

vacuum;

0  4 107 H / m is the magnetic permeability in the vacuum;  r and  r are the
relative electric permittivity and relative magnetic permeability of the material. This
thesis only considers the nonmagnetic material. Therefore, the relative magnetic
permeability  r can be treated as the unitary constant one.
In the frequency domain, the field components can be written as

 
E  E0e jt
   jt
H  H 0e

(1.4)

Then, the Maxwell equation can be rewritten in the frequency domain



  H  j 0 r E



  E   j0 H




E
0


  H  0
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(1.5)

Solving the first two equations in (1.5), the Helmholtz equations can be obtained
as

1.2


(2  k02 r )E  0

(1.6)


(2  k02 r )H  0

(1.7)

Optical properties of metal materials
In general, bulk metal materials are isotropic, dispersive and absorptive, which

relative permittivity is a complex number and can be represented as  r   r1  j r 2 . Here

 r1 and  r 2 are real numbers and varying at different wavelength. The refractive index
n  n1  jn2 is also used to present optical properties of materials, which are defined as

n   r . The relative permittivity  r and refractive index n have the following relations
[85]

 1  n12  n22
 2  2n1n2



n12  12  1   12   22
n2 



(1.8)

2
2 n1

Several theoretical models (Drude model, Lorentz model, and Lorentz-Drude
mode) are used to explain the optical properties of metals [4, 86]. Drude model considers
the metal materials as the free electron gas

p2,D
 D       2
  jD 

(1.9)

where   is the relative permittivity at infinite frequency, p ,D is the plasma frequency
of the free electron gas, and D is the damping coefficient for the Drude model. While,
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there is also the bounded electrons in the metal, which are described by the Lorentz
model

 L      

P



p
1

2

p ,L

 p p2,L
 jp ,L   2

(1.10)

where  p is a weighting factor, p ,L is the resonance frequency, and p ,L is the
damping coefficient.
To deal with both free electrons (intraband effects) and bounded electrons
(interband effects) in metals, a Lorentz-Drude model composes both Drude model and
Lorentz mode

p2,D
 r       2

  jD 

P



p
1

2

p ,L

 p p2,L
 jp ,L   2

(1.11)

In this thesis, all the simulations and calculations use the complex permittivity of
silver obtained from the polynomial fit to the experiment measurements made by Johnson
and Christy [87]. The polynomial fitting and experiment data are plotted in Figure 1.1.
The metal material exhibits prohibitive absorption near its bulk plasma wavelength,
because of stronger responses of the bound electrons. So, the wavelength studied in this
thesis is above 0.4 m, which is much larger than the bulk plasma wavelength of silver.
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Figure 1.1

1.3

The real part and imaginary part of the relative permittivity of silver as a function of the
wavelength. The dots are the data from the experiment measurement, and the solid lines
are the polynomial fitting of the experiment measured data.

Optical waveguide mode solver
In this thesis, I use a full-vectorial finite-difference mode solver [88-93]

developed by Lumerical Solutions, Inc. to numerically solve Maxwell’s equations in the
frequency domain. The field components of the waveguides, with propagation constant

 z and angular frequency , can be represented as




  0 x, ye  j z e  jt
z

(1.12)

The differential form of the field components, via the finite-difference method, is
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  x, y   x  x / 2, y    x  x / 2, y 
 x 
x

  x, y    x, y  y / 2   x, y  y / 2
 y
y

  x, y    j  x, y 
z
 z
  x, y 

  jx, y 
 t

(1.13)

Convert the Faraday’s Law, which is the second equation in (1.5), into the form of
field components

 E z
 y  j z E y   j0 H x

E z

 j0 H y
 j z E x 
x

 E y E x

  j0 H z

y
 x

(1.14)

Convert the Gauss Law, which is the third equation in (1.5), into the form of field
components

Ex E y

 j z Ez
x
y

(1.15)

From (1.14) and (1.15), it can be seen that the field components E z , H x , H y ,
and H z can be solved from E x and E y . And the fundamental field components E x
and E y can be solved by Helmholtz equations in (1.6), which are

  2

2


 k 02 r E x   z2 E x
 2
2
y
 x

 2
2
     k 2 E   2 E
0 r y
z
y
 x 2 y 2
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(1.16)

Then, the discrete geometry can be generated by the Yee’s 2D mesh with
appropriate boundary conditions. And using the finite-difference method in (1.13), the
eigenvalue equation in matrix form can be obtained

E x  Pxx
P   
E y  Pyz

Pxy  E x 
E x 
  z2  



Pyy  E y 
E y 

(1.17)

Now, solving the Maxwell equations becomes a problem of solving an eigenvalue



problem. The propagation constant  z and field vector E x , E y



T

can be obtained by

solving the eigenvalue and the eigenvector from (1.17). Then, the other mode profiles

E z , H x , H y , and H z of the optical waveguides can be solved via (1.14) and (1.15).
In the later of this thesis, the modes of wedge, V-groove, and nanoridge surface
plasmon waveguides are solved by this numerical method developed by Lumerical
Solutions, Inc. To eliminate the error caused by the high localized energy of surface
plasmon, the fine mesh is setup near the metal-dielectric boundary.
1.4

Metal-dielectric boundary
The free electron density oscillations on the metal-dielectric interfaces form

surface plasmon, which can propagate along the metal-dielectric boundaries [1, 4]. In this
section, I will discuss a simple situation of the surface plasmon, which is along the
interface between a metal and a dielectric material, as shown in Figure 1.2. The metaldielectric boundary is taken to be at x  0 . The relative electrical constant of metal and
dielectric materials are  m and  d , respectively.
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Figure 1.2

The surface plasmon wave propagates along the metal-dielectric boundary.


Assuming a TM wave, with the magnetic field, H , polarized in the x direction,
and propagation in the +z direction. The magnetic field in the dielectric and metal layer
takes the form

H y,m ( x)  Am e

 jkx , m x  j z z

H y,d ( x)  Ad e

e

jkx , d x  j z z

e

(1.18)
(1.19)

where  z is the propagation constant in the z direction, k x,m and k x,d are the
propagation constant of the metal and dielectric materials in the x direction. From the
boundary condition at the boundary, it can be obtained

Am  Ad

(1.20)

k x ,m

 m
k x,d
d

(1.21)

For the propagation waves, the waveguides should also satisfy the Helmholtz
equation (1.7). So, it can be obtained

 z2  k x2,m  k02 m

(1.22)

 z2  k x2,d  k02 d

(1.23)
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where k 0 is the propagation constant in the free space.
Solving (1.21), (1.22) and (1.23), the dispersion relation of the propagation
constant can be obtained

 m d
m  d

 z  k0

m

k x ,m  k 0

m  d

k x,d  k 0

d
m d

(1.24)

(1.25)

(1.26)

From the propagation constant in the z direction, the effective index of the metaldielectric boundary can be solved

neff 

1.5

z
k0



 m d
m  d

(1.27)

Thin metal film surface plasmon waveguides
The metal film was also known as Insulator-metal-insulator (IMI) surface

plasmon waveguides [5-9, 94]. The metal thin film waveguide, as shown in Figure 1.3, is
famous for its long propagation distance, however its application was limited due to its
low mode confinement. There are two modes supported by the thin metal film. They are
characterized by the symmetries of their transverse electromagnetic field components,
and denoted as the ab and sb modes. The ab mode has an anti-symmetric field
distribution with respect to the center of the metal film, and the sb mode has the
symmetric field distribution.

10

Figure 1.3

The thin metal film surface plasmon waveguide.


The TM waves are supported by the thin metal film, with the magnetic field H ,
polarized in the x direction, and propagation in the z direction. The center of the metal
film is taken at x=0. The magnetic field in the metal and dielectric layer can be written as
d
 jkx , d (   x )

d
2
H y1  A1e
e  j z z
x

2

d
d

jk
(
x

)

jk
(

x
)
x ,m
x ,m
d
d

2  j z z
2
e
 A2 e
e  j z z   x 
H y 2  A2 e
2
2

d
 jkx , d ( x  )
d

2  j z z
H

A
e
e
x

y
3
3

2


(1.28)

From the boundary conditions between media (1) and media (2), it can be
obtained as

A1  A2  A2e
kx ,d

d

A1  

kx ,m

m

A2 

 jkx , md

kx ,m

m

A2 e

(1.29)
 jkx ,md

(1.30)

Combine (1.29) and (1.30), it can be obtained as

k x,m /  m  k x,d /  d A2  jkx ,md

e
k x,m /  m  k x,d /  d A2
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(1.31)

Similarly, from the boundary conditions between media (2) and media (3), it can
be obtained as

k x,m /  m  k x,d /  d A2  jkx ,md

e
k x,m /  m  k x,d /  d A2

(1.32)

Combine (1.31) and (1.32), the dispersion relation for the thin metal film can be
solved as

e

1
 j k x , md
2



k x ,m /  m  k x ,d /  d
k x ,m /  m  k x ,d /  d

(1.33)

Using hyperbolic tangent and hyperbolic cotangent instead of complex
exponential functions, the dispersion relations for the symmetric and anti-symmetric
mode can be achieved as

sb :

ab :

k x ,d

d
k x ,d

d

 1

tanh j k x,m d   0
 2


(1.34)

 1

coth j k x,m d   0
m
 2


(1.35)



k x ,m



k x ,m

m

From the (1.22) and (1.23), the complex wave vector along the direction of the
propagation  z can be solved.
In general, the propagation of surface plasmon modes can be characterized by a
complex wave vector of the form z=neff k0=- j, along the z-direction, where  is the
phase propagation constant of the mode, and  is the attenuation constant. The
propagation distance is defined as the distance where the mode intensity attenuates to 1/e
of its initial value, i.e.
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Lp=1/(2

(1.36)

Comparing with the single interface, ab mode, and sb mode, the propagation
distance of the sb mode is always longer than that of the single interface, but the
distance of ab mode is always shorter. So, the sb mode is also referred as the longrange surface plasmon-polariton mode (LRSPP).
1.6

Wedge surface plasmon waveguides
The wedge surface plasmon waveguides [48, 49, 63-70] are the extended triangle

structure. The scheme is shown in Figure 1.4. The surface plasmon wave is propagated
on the wedge top along the +z direction. At the 1.55 micron wavelength, the mode index
of a 90° silver wedge plasmon waveguide is 1.00675-0.000307j, the corresponding
attenuation coefficient is 108.30 dB/cm.

Figure 1.4

The wedge surface plasmon waveguide with top angle
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.

If the top angle  is very small, the mode is confined in a very small region on
the top of the wedge, as shown in Figure 1.5. If the top angle  increases to 180º, the
wedge surface plasmon waveguide becomes a single metal-dielectric boundary surface
plasmon waveguide. And if the top angle  equals 90º, the wedge waveguide is also
called the right-angle wedge waveguide. The comparison of the wedge surface plasmon
waveguide with the flat-top, triangular, elliptical nanoridge surface plasmon waveguide
will be discussed in the later of this thesis.

Figure 1.5

The mode intensity of the right-angle wedge surface plasmon waveguide.

Figure 1.6 (a)-(c) are the mode profiles of the three electric field components (Ex,
Ey, Ez) of the right-angle wedge plasmon waveguide at the 1.55 micron wavelength.
Figure 2.2 (d)-(f) are the mode profiles of the three magnetic field components (Hx, Hy,
Hz) of the right-angle wedge waveguide at the same wavelength. The major components
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of the electric field are the transverse components, Ex and Ey. The longitudinal component
of the electric field Ez is three orders of magnitude less than the transverse components.
The major magnetic field components are also the transverse components, Hx and Hy. The
longitudinal component of the magnetic field Hz also is three orders of magnitude less
than the transverse magnetic components. Therefore, wedge surface plasmon modes can
be considered as a quasi-transverse electromagnetic (TEM) mode. From Figure 1.6, it can
be seen that Ey mode profile and Hx mode profile are symmetrical with respect to the
center of the metal ridge (i.e. x  0 plane), while, the Ex and Hy profiles are antisymmetrical with respect to the x  0 plane. The symmetric properties of the mode field
profiles are consistent with what it is expected for the surface plasmon-polariton mode
propagating along the top surface of the metal ridge.

Figure 1.6

(a)-(c) are the electric field (Ex, Ey, Ez) mode profiles of a right angle metal wedge at
1.55 micron wavelength; (d)-(f) are the magnetic field (Hx, Hy, Hz) mode profiles of a
right angle metal wedge at 1.55 micron wavelength.
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1.7

V-groove surface plasmon waveguides
V-groove surface plasmon waveguides is also called channel surface plasmon

waveguides [34-50]. The structure of V-groove with groove angle  can be considered
as removing a triangle from the metal-dielectric boundary surface plasmon waveguide, as
shown in Figure 1.7.

Figure 1.7

The V-groove surface plasmon waveguide.

The mode distribution of V-groove surface plasmon waveguide is plotted in
Figure 1.8. If groove angle  equals to 180º, the V-groove surface plasmon waveguide
becomes a single metal-dielectric boundary surface plasmon waveguide. If groove angle

 is small, the mode is confined at the bottom of the groove, which causes great loss of
the surface plasmon waveguides.
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Figure 1.8

The mode intensity of a 10°V-groove surface plasmon waveguide.

Figure 1.9 (a)-(c) are the mode profiles of the three electric field components (Ex,
Ey, Ez) of the 10°trench plasmon waveguide at the 1.55 micron wavelength. Figure 2.2
(d)-(f) are the mode profiles of the three magnetic field components (Hx, Hy, Hz) of the
10°trench waveguide at the same wavelength. The major components of the electric field
are the transverse components, Ex and Ey. The longitudinal component of the electric field
Ez is three orders of magnitude less than the transverse components. From Figure 1.9, it
can be seen that Ey mode profile and Hx mode profile are anti-symmetrical with respect to
the center of the metal ridge (i.e. x  0 plane), while, the Ex and Hy profiles are
symmetrical with respect to the x  0 plane.
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Figure 1.9

1.8

(a)-(c) are the electric field (Ex, Ey, Ez) mode profiles of a 10°trench surface plasmon
waveguide at 1.55 micron wavelength; (d)-(f) are the magnetic field (Hx, Hy, Hz) mode
profiles of a 10°trench surface plasmon waveguide at 1.55 micron wavelength.

Rectangular metal strips
Rectangular metal strips [10-22] give the two-dimensional mode configuration,

and relatively longer propagation distance. The structure scheme of a rectangular metal
strip with width w and thickness d is shown in Figure 1.10. The mode configuration of
the metal strip cannot be solved by analytical methods. Instead, the numerical techniques,
such as Finite-difference Frequency-domain (FDFD), Finite Element Method (FEM),
Method of Lines (MoL), and Spectral Method, can used to solve the numerical solution
of metal strip modes.
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Figure 1.10 The rectangular metal strip surface plasmon waveguide.

There are four fundamental modes supported by the metal strip surface plasmon
waveguides, which are ssb0 , sab0 , asb0 , aab0 modes [11]. The superscript 0 means the
mode is the fundamental mode. And the subscript b means the bounded mode, instead of
the leaky mode. The differences between four fundamental modes are their symmetric or
anti-symmetric properties. The normalized H y components of the fundamental modes
are plotted in Figure 1.11. The ssb0 mode exhibits symmetry with respect to both x and y
axis. The sab0 mode is symmetric to the y axis, but anti-symmetric to the x axis. The

asb0 mode is anti-symmetric with respect to y axis, and symmetric with respect to x axis.
And the aab0 mode exhibits anti-symmetry with respect to both x and y axis.
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Figure 1.11 The normalized Hy of (a)

ssb0 , (b) sab0 , (c) asb0 , (d) aab0

mode for the rectangular

metal strip with width w = 1 m, and thickness d = 100 nm [11].
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CHAPTER 2

FLAT-TOP NANORIDGE WAVEGUIDES

I investigate surface plasmon modes supported by flat-top silver nanoridges. I
calculate the mode electromagnetic field distribution, the dispersion curve, the travel
range, and the figure-of-merit of the nanoridge mode. I find that the nanoridge surface
plasmon modes are quasi-TEM modes with longitudinal field components three orders of
magnitude smaller than the transverse field components. The quasi-TEM nature of mode
profiles reveals that the propagation of free electron oscillations on the top of the
nanoridge contributes mainly to the tightly confined ridge mode. It is also found that as
the width of the nanoridge decreases, the ridge mode becomes more tightly confined on
the ridge top. As the width of the nanoridge increases, the nanoridge mode approaches
two decoupled right-angle wedge plasmon modes.
In this chapter, I report my in-depth numerical investigations on the mode
properties of flat-top silver nanoridge waveguides. I calculate mode field distributions of
the nanoridge surface plasmon mode, the dispersion relation, propagation distance, mode
size, and the figure-of-merit. It is found that, compared with the metal wedge structures,
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flat-top nanoridges have longer travel ranges and larger figure-of-merits. My analysis in
this chapter provides a comprehensive view of the flat-top nanoridge surface plasmon
waveguides.
2.1

Flat-top nanoridges
The structure of the flat-top metal nanoridge surface plasmon waveguide is shown

in Figure 2.1. The nano-scale metal ridge is extended in the z-direction. The surface
plasmon wave propagates along the ridge top in the z-direction. The nanoridge width (w)
is in the x-direction. It is assumed the height of ridge is large that the substrate does not
influence the ridge surface plasmon mode.

(a)

SPP

Nanoridge
SPP mode
z
o

x

w
y

o
w

z

x

w

y

Figure 2.1

SPP Wave

(c)

(b)

o

x

(a) The 3D view of a metal nanoridge plasmon waveguide. (b) The cross section of the
flat-top nanoridge plasmon waveguide. (c) The top view of the flat-top nanoridge
plasmon waveguide.
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2.2 Mode profiles
I calculate the guided surface plasmon-polariton (SPP) mode for a 120 nm wide
silver nanoridge at the telecommunication wavelength of 1.55 micron using a commercial
mode solver (Lumerical Solutions, Inc.). The dielectric material around the silver ridge is
air (  d  1.0 ). The silver’s electric permittivity at the 1.55 micron wavelength is

 m  127.5  5.3 j [87]. The calculated mode index is neff  1.018 0.00074j . The
attenuation coefficient is 261.87 dB/cm. Figure 2.2 (a)-(c) are the mode profiles of the
three electric field components (Ex, Ey, Ez) of the 120 nm wide flat-top silver nanoridge
plasmon waveguide at the 1.55 micron wavelength. Figure 2.2 (d)-(f) are the mode
profiles of the three magnetic field components (Hx, Hy, Hz) of the flat-top nanoridge
waveguide at the same wavelength. The major components of the electric field are the
transverse components, Ex and Ey. The longitudinal component of the electric field Ez is
three orders of magnitude less than the transverse components. The major magnetic field
components are also the transverse components, Hx and Hy. The longitudinal component
of the magnetic field Hz also is three orders of magnitude less than the transverse
magnetic components. Therefore, nanoridge surface plasmon modes can be considered as
a quasi-transverse electromagnetic (TEM) mode. From Figure 2.2, it can be seen that Ey
mode profile and Hx mode profile are symmetrical with respect to the center of the metal
ridge (i.e. x  0 plane), while, the Ex and Hy profiles are anti-symmetrical with respect to
the x  0 plane. The symmetric properties of the mode field profiles are consistent with
what it is expected for the surface plasmon-polariton mode propagating along the top
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surface of the metal ridge. The nanoridge plasmon mode can be considered as the two
coupled 90°wedge plasmon modes. At the 1.55 micron wavelength, the mode index of a
90° silver wedge plasmon waveguide is 1.00675-0.000307j, the corresponding
attenuation coefficient is 108.30 dB/cm. Compared with the 90°wedge mode, the 120 nm
wide nanoridge mode has a larger real part of the mode index. I will show later that this is
true for all flat-top ridge waveguides of different widths.

Figure 2.2

(a)-(c) are the electric field (Ex, Ey, Ez) mode profiles of a 120 nm wide flat-top silver
nanoridge at 1.55 micron wavelength; (d)-(f) are the magnetic field (Hx, Hy, Hz) mode
profiles of a 120 nm wide flat-top silver nanoridge at 1.55 micron wavelength.
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2.3 Dispersion relations
I calculated the mode dispersion curves of flat-top silver nanoridge plasmon
waveguides of different ridge widths. I also calculated the dispersion curves of the silverair flat boundary and the right-angle (90°) silver wedge plasmon modes. The calculated
dispersion curves are shown in the Figure 2.3. The black solid line, black dashed line, red
dashed line are the dispersion curves of the light line in the air, the flat silver-air interface
surface plasmon mode, and the 90°wedge plasmon mode, respectively. As the frequency
increases, the dispersion curve moves away from the light line, suggesting the reduction
of the phase velocity and tighter mode confinement. When the flat-top nanoridge width is
increased, the dispersion curve of the nanoridge mode moves toward the light line,
approaching the dispersion curve of the 90°wedge plasmon mode. This can be explained
that when the width of the metal ridge becomes wide, the two coupled wedge modes
become decoupled.
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Figure 2.3

The dispersion curves of silver flat-top nanoridge plasmon waveguides of different
ridge widths and the dispersion curves of the right-angle wedge plasmon mode and the
flat surface plasmon mode.

2.4 Mode index
Figure 2.4(a) shows the real part of the mode index versus the wavelength for
several different ridge widths. The black dashed line in the Figure 2.4(a) shows the real
part of the mode index of the silver-air flat boundary surface plasmon mode. The red
dashed line in Figure 2.4(a) shows the real part of the mode index of the 90° wedge
waveguide mode. It can be seen in Figure 2.4(a) that when the ridge width increases, the
real part of the mode index decreases, suggesting the decrease of the mode confinement.
Figure 2.4(b) shows the imaginary part of the mode index versus wavelength for different
the ridge widths. The black dashed line in Figure 2.4(b) shows the imaginary part of the
mode index of the silver-air flat surface plasmon waveguide. The red dashed line
represents the imaginary part of the mode index of the 90°wedge waveguide mode. It can
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be seen that when the width of the flat-top ridge increases, the imaginary part of the mode
index decreases, indicating the reduction of the propagation loss.

Figure 2.4

(a) The real part of the mode index versus the wavelength for different ridge widths. (b)
The imaginary part of the mode index versus the wavelength for different ridge widths.

I also calculated the real part and the imaginary part of the mode index versus
ridge width at the wavelength of 1.55 micron. The results are shown in Figure 2.5. As the
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ridge width increases, both the real part and the imaginary part are reduced. This
indicates when the ridge becomes wider, the confinement becomes less and the
attenuation becomes smaller. The real and imaginary parts of the mode index of a 90°
silver wedge waveguide are also shown in the Figure 2.5. The black and blue dashed
lines are the real and imaginary part of the 90° wedge mode, respectively. I have
discussed earlier in this chapter that the nanoridge plasmon mode can be considered as
the hybrid mode of two coupled 90° wedge modes. When the width of the nanoridge
increases, the coupling between the two 90°wedge modes becomes weaker. Therefore,
the ridge mode approaches the two separate 90°wedge modes.

Figure 2.5

The real and imaginary part of the mode index as the function of the ridge width at 1.55
micron wavelength.
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2.5 Propagation distance
The propagation distance of flat-top nanoridge waveguide can be solved via
(1.36). Figure 2.6 shows the travel range versus the free space wavelength and ridge
width for the silver flat-top nanoridge waveguide. Here it can be seen that as the ridge
width increases, the travel range also increases.

Figure 2.6

(a) The travel range versus the wavelength and ridge width. (b) The line plot of the
travel range of the flat-top nanoridge plasmon mode as the function of free space
wavelength for different ridge widths.
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2.6 Mode size
From the mode calculations, I have obtained the complex propagation constant of
the ridge plasmon mode:  z    j , where  is the phase propagation constant, and

 is the attenuation constant, both in the direction of propagation. Outside the metal
ridge in the surrounding dielectric medium, the transverse component of the complex
wave vector is given by ⊥=- j, where  and  describe the field oscillation and decay
in the transverse direction, respectively. It follows from Maxwell’s equations that the
complex propagation constants in the propagation direction and the transverse directions
are related as

(  j ) 2  (  j ) 2   d ko2

(2.1)

where k0 is the propagation constant in the free space, and d is the dielectric constant of
the surrounding dielectric. Solving (2.1), it can be obtained as
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(2.3)

With the calculated  , it can be found the mode size of the ridge mode. Here the
mode size is defined as
MS = 1/(2+w+1/(2=w+1/.

(2.4)

I calculated the mode size of different width ridge plasmon waveguides at
different free space wavelengths, via (2.4). The results are shown in the of Figure 2.7.
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Figure 2.7(a) shows the mode size versus the free space wavelength and the ridge width.
It can be seen that as the wavelength or the ridge width increases, the mode size
increases. Figure 2.7(b) shows the mode size versus the free space wavelength for flat-top
silver ridges of different ridge widths.

Figure 2.7

(a) The mode size versus the wavelength and ridge width. (b) The mode size of the flattop nanoridge plasmon mode versus the free space wavelength for different flat-top
ridges.
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2.7 Figure-of-merit
While it is always desirable to obtain surface plasmon waveguides with tight
confinement and low attenuation, the reality is that there is always a trade-off between
the propagation attenuation and the mode confinement [13, 95]. While tight mode
confinement is the merit, attenuation is the cost. Figure-of-merits have been proposed to
characterize this trade-off between attenuation and mode confinement [96, 97]. Here, the
figure-of-merit of the nanoridge plasmon waveguide is defined as the ratio of the
propagation distance over the mode size

FoM  Lp / MS  (1/ 2 ) /(w  1/  )

(2.5)

I calculated the figure-of-merit for the nanoridge waveguide versus the
wavelength and the ridge width, via (2.5). The results are shown in the Figure 2.8(a).
Figure 2.8(b) shows the line plots of the figure-of-merit versus the wavelength for several
different ridges of different widths. It can be seen that the figure-of-merit reaches the
maximum at 1.1 micron wavelength independent of ridge width. As the wavelength
increases, the figure-of-merit first increases and then decreases.
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Figure 2.8

(a) The figure-of-merit versus the wavelength and the ridge width. (b) The line plot of
the figure-of-merit versus the wavelength for several ridge widths.

2.8 Optimal flat-top nanoridges
It might be due to the optical properties of the silver metal and the surrounding
dielectric that causes the figure-of-merit peak around the 1.1 micron wavelength. This
suggests 1.1 micron as being the optimal operational wavelength for silver nanoridge
waveguides embedded in the air. To compare the mode properties at the 1.1 micron
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wavelength and at the 1.55 micron wavelength, I have calculated the travel range and the
figure-of-merit of the silver nanoridge waveguide versus the ridge width at these two
wavelengths. The results are shown in Figure 2.9 (a) and (b) respectively. As the width of
the nanoridge increases, the travel range increases as expected. Further, the figure-ofmerit is also seen to increase and peaks at a maximum value of roughly 143 for the 1.1
micron wavelength case, and reaches a plateau of about 124 for the 1.55 micron
wavelength case. At both wavelengths, maximum values for the figure-of-merit occur in
a ridge width range between 120 nm and 300 nm, suggesting an optimal range of the
ridge width to address the trade-off between the propagation distance and the mode
confinement.
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(b)

Figure 2.9

2.9

The travel range and figure-of-merit of ridge mode versus the nanoridge width at (a) 1.1
micron wavelength, (b) 1.55 micron wavelength.

Summary
I investigated the plasmon mode supported by flat-top silver nanoridge

waveguides. I have shown that the nanoridge plasmon modes are quasi-TEM modes with
very small longitudinal electromagnetic field components. The mode field profiles reveal
that the propagation of the free electron density oscillations on the top of the nanoridge
contributes to the tightly confined ridge surface plasmon mode. I discussed that the
nanoridge mode can be considered as a hybrid mode of two 90°wedge plasmon modes.
When the ridge width increases and becomes wide, the nanoridge mode approaches two
decoupled 90° wedge plasmon modes. I calculated the dispersion, mode index, travel
range, and the mode size of nanoridge waveguides of different widths. I introduced the
figure-of-merit for the nanoridge plasmon waveguide to address the trade-off between the
mode confinement and the travel range. I find that the figure-of-merit reaches a
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maximum at 1.1 micron wavelength, slightly depending on the width of the ridge
waveguide. The 170 nm wide silver nanoridge gives the highest figure-of-merit at 1.1
micron wavelength. At the 1.55 micron wavelength, the figure-of-merit reaches a plateau
at the nanoridge width of 180 nm, which gives a travel range 189.3 micron. For building
plasmonic circuits, a ridge width between 120 nm and 300 nm represents a reasonable
trade-off between confinement and travel range. Although I investigated the plasmon
modes guided by silver metal nanoridges, and the ridges can be other types of high
electron density materials such as heavily doped semiconductors for infrared wavelength
range [98, 99]. Flat-top nanoridge surface plasmon waveguides are easy to fabricate.
Therefore, they can be very useful as building blocks for realizing integrated plasmonic
circuits at different wavelength regimes.
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CHAPTER 3

TRIANGULAR NANORIDGE WAVEGUIDES

Propagating two-dimensional plasmon modes guided along the triangular silver
nanoridge waveguides are investigated in this chapter. Mode field profiles, dispersion
curves, propagation distances, and figure-of-merits of the plasmon ridge modes are
calculated for various triangular silver nanoridge waveguides. It is found that the
triangular cross section nanoridge waveguide, if designed properly, can have longer
propagation distance and higher figure-of-merit than the flat-top nanoridge waveguide
with the same width. When the triangle height of the nanoridge is large, the mode
approaches to the small angle wedge mode
In this chapter, comprehensive numerical investigations on the plasmon modes
supported by triangular cross section silver nanoridge waveguides are presented. The
motivation for investigating such metal nanoridge waveguides is to find an optimal
structure that gives longer propagation distance and higher figure-of-merit. I calculate the
mode field distributions, mode indices, dispersion curves, propagation distances, mode
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sizes, and the figure-of-merits of triangular silver nanoridges with different triangular
heights as well as their dependence on the wavelength.
3.1

Triangular nanoridges
In this section, I systematically investigate the triangular silver nanoridge

waveguides. The 3D view and cross section of such a triangular silver nanoridge are
shown in Figure 3.1(a) and Figure 3.1(b), respectively, where the nano-scale metal ridge
is extended in the z-direction with its width (w) in the x-direction and height (h) in the ydirection. The plasmon wave propagates along the ridge top in the z-direction. It is
assumed that the height of ridge is sufficiently large so that the substrate does not
influence the ridge plasmon mode. My previous work on the plasmon modes supported
by the flat-top silver nanoridges has found that the ridge width of 120 nm is optimal
nanoridge structure, which is a compromise between the propagation distance and the
mode confinement. In this study, I thus fix the ridge width at 120 nm, for both triangular
and inverted triangular nanoridge waveguides.

Figure 3.1

(a) 3D view of the triangular nanoridge plasmon waveguide. (b) Cross section of the
triangular nanoridge plasmon waveguide.
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3.2 Mode distributions
Considering the situation where the surrounding medium of the ridge waveguides
is air (d = 1.0), and the ridges are made of silver with its electric permittivity

m=-127.5-5.3j at the telecommunication wavelength of 1.55 m [87]. For the flat-top
ridge with width of 120 nm, the mode index is equal to neff=1.018-0.00074j, and the
attenuation coefficient is 261.87 dB/cm. While this study investigates silver as the ridge
material, the analysis can obviously be extended to other types of high electron density
materials such as heavily doped semiconductors [98, 99] in different wavelength ranges.
I calculated the electric field intensity distributions of the fundamental plasmon
propagating modes supported by triangular nanoridges of different triangle heights at the
wavelength of 1.55 m. The widths of the nanoridges are all at 120 nm. Figure 3.2(a) is
the electric field intensity distribution of the flat-top nanoridge plasmon waveguide mode.
The mode of the flat-top nanoridge has two hot spots located at each corner of the ridge,
which can be considered as a hybrid mode of two 90° wedge plasmon modes, as
discussed in 0. Figure 3.2(b) is the electric field intensity distribution of the nanoridge
plasmon mode of the nanoridge with the triangle height of 20 nm. Figure 3.2(c) is the
electric field intensity distribution of the nanoridge plasmon mode of the nanoridge with
the triangle height of 34.6 nm. When the triangle height is equal to 34.6 nm, the three
wedge angles of the triangular cross section nanoridge are the same at 120 degree. Figure
3.2(d)-(f) are the electric field mode intensity profiles of the nanoridge plasmon
waveguides with the triangle height of 40 nm, 60 nm, and 80 nm, respectively. It can be
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seen that for a triangular nanoridge with height between 20 nm and 50 nm, the mode
spans the entire ridge and is composed of three hot spots located at three corners of the
ridge, which can be considered as three coupled wedge plasmon modes. The mode
progressively converges towards the tip of the triangle with the tighter mode confinement
as the triangle height increases. As the height increases to above 60 nm, the mode
converges to only one hot spot at the tip, which can be considered as a small angle wedge
mode. It is also found that the mode energies are distributed over three wedges with small
triangle height and the modes are not very sensitive to the change of the triangle height.
But once the plasmon mode is concentrated at the tip of the triangle ridge when the height
is greater than 60 nm, the hot spot at the top wedge rapidly intensifies with the increase of
the triangle height.

Figure 3.2

Electric field intensity distributions of the 120 nm wide triangular nanoridge plasmon
waveguide with triangle height equal to (a) 0 nm, (b) 20 nm, (c) 34.6 nm, (d) 40 nm, (e)
60 nm, and (f) 80 nm at 1.55 m wavelength.
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3.3 Dispersion relations
The mode dispersion curves for triangular silver nanoridges of different triangle
heights are shown in Figure 3.3. The black solid line and dashed line are the dispersion
curves of the light line in air, and the silver-air flat plasmon mode, respectively. The
triangle height increases from the zero (the flat-top ridge) to 120 nm. As the frequency
increases, the plasmon mode dispersion curves of all ridges drift away from the light line
in air, leading to slower group velocity and tighter mode confinement. This effect is far
more pronounced for ridges with larger height. When the triangular height increases from
the zero, the dispersion curve moves toward the light line first, that indicates the
reduction of the mode confinement and propagation attenuation. Further increase of the
triangle height moves the dispersion curve away from the light line, which indicates the
increase of the mode confinement and propagation attenuation. This trend can be clearly
seen from the insert in the Figure 3.3. The red line is the dispersion curve of the flat-top
nanoridge waveguide. The blue line is the dispersion curve of the nanoridge waveguide
with 30 nm triangle height. The green line is the dispersion curve of the nanoridge
waveguide with 60 nm triangle height. The magenta and cyan dashed line is the
dispersion curve of the nanoridge waveguide with 90 nm and 120 nm triangle height
respectively. Dispersion curves of ridges with height between 20 – 50 nm are not very
sensitive to triangle height change. Beyond a height of 60 nm, the mode intensity is more
concentrated to the tip of the triangular ridge. The dispersion curve moves rapidly away
from the light line when the height of the triangle ridge continues to increase. The ridge
plasmon mode gradually approaches to a wedge plasmon mode.
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Figure 3.3

Dispersion curves of the silver triangular nanoridge plasmon waveguides of different
triangle heights and the comparison with the dispersion curve of the silver-air flat
plasmon mode.

3.4 Mode index
The real and imaginary part of the triangular nanoridge mode index versus the
wavelength for several different triangle heights (h = 0 nm, 30 nm, 60 nm, 90 nm, and 120
nm) are plotted in Figure 3.4, where the black dashed lines are those of the silver-air flat
plasmon mode. As the wavelength increases, both the real and imaginary part of the
triangular nanoridge mode index are reduced, indicating the reduction of the mode
confinement and propagation loss. It can also be seen when the triangle height increases
from the zero, both of the real and imaginary part of the triangular nanoridge mode index
first reduce, and further increase of the triangle height increases those of the triangular
nanoridge mode index, which is consistent with results in Figure 3.2 and Figure 3.3.
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Figure 3.4

(a) Real part of the mode index versus the wavelength for different triangle heights and
the comparison with the real part of the silver-air flat plasmon mode index. (b)
Imaginary part of the mode index versus the wavelength for different triangle heights
and the comparison with the imaginary part of the silver-air flat plasmon mode index.

The real part and imaginary part of the mode index versus the triangle height at
1.55 m wavelength are shown in Figure 3.5. Interestingly, both the real and the
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imaginary part of the triangular nanoridge mode index reduce with the initial increase of
the triangle height, indicating a reduction in attenuation and confinement. The rapid
increase of mode index thereafter suggests, however, quick rise of attenuation and
confinement. This suggests a minimum value for both mode confinement and
propagation loss at a triangle height of roughly 40 nm, beyond which both the real and
imaginary part of the mode index increase dramatically.

Figure 3.5

Real and imaginary part of the mode index as a function of the triangle height at 1.55
m wavelength.

3.5 Propagation distance
The propagation distances are calculated for triangular nanoridge plasmon
waveguides of different triangle heights at different free space wavelength, via (1.36).
The results are shown in Figure 3.6. It can be seen that as the triangle height increases,
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the propagation distance increases first, and then reaches a plateau for the height between
20 - 50 nm. After that, the propagation distance decreases rapidly. As the wavelength
increases, the propagation distance also increases. As discussed in the Ref. [49], for the
wedge plamson mode, the loss increases dramitically as the wedge angle decreases.
When the triangle height is between 20 – 50 nm, the mode energy is more distributed
among three wedges, and the nanoridge plasmon mode can be considered as a coupled
wedge mode. Between that triangle height range, the coupled wedge plasmon modes of
the triangular nanoridge have smaller loss, so the nanoridge plasmon mode has the
longest propagation distance.
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Figure 3.6

Propagation distance versus the wavelength and triangle height. (b) Propagation
distance of the triangular nanoridge mode as a function of free space wavelength for
different triangle heights.

3.6 Mode size
The mode size of the triangular nanoridge waveguide versus the free space
wavelength and triangle height, via (2.4), is shown in Figure 3.7(a), while Figure 3.7(b)
shows the mode size versus the free space wavelength for triangular nanoridge of
different triangle heights. Here is seen that the mode size increases, as the wavelength
increases. Once again, for the triangle height smaller than 20 nm, the mode size slightly
increases, but when the height increases higher than 60 nm, the mode size decreases
rapidly.
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Figure 3.7

(a) Mode size versus the wavelength and triangle height. (b) Mode size of the triangular
nanoridge plasmon mode as a function of free space wavelength for different triangle
heights.

3.7 Figure-of-merit
I calculated the figure-of-merit of the triangular nanoridge waveguide versus the
wavelength and the triangle height, via (2.5). The results are shown in Figure 3.8(a).
Figure 3.8(b) shows the figure-of-merit versus the wavelength for several different
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triangle heights. It can be seen from Figure 3.8(a-b) that the figure-of-merit reaches the
maximum at 1.05 m wavelength for all triangular nanoridge waveguides of various
heights considered in this study. It also can be seen that higher figure-of-merits are
achieved for ridges with height between 20 – 50 nm.

Figure 3.8

(a) Figure-of-merit versus the wavelength and triangle height. (b) Figure-of-merit
versus the wavelength for several triangle heights.
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3.8 Optimal triangular nanoridges
I have calculated the propagation distance and the figure-of-merit of the 120 nm
wide triangular nanoridge waveguide versus the triangle height at the 1.55 m
wavelength. The results are shown in Figure 3.9. As the triangle height increases, both
the propagation distance and the figure-of-merit increase when the height is smaller than
20 nm, and reach a plateau when the height is between 20 - 50 nm, then are seen to
dramatically decrease. It is concluded that for the 120 nm wide silver triangular cross
section nanoridge waveguides discussed here, the best performance nanoridge plasmon
waveguide is the nanoridge with the triangle height between 20 – 50 nm.

Figure 3.9

Propagation distance and figure-of-merit of 120 nm wide triangular nanoridge plasmon
waveguide mode versus the triangle height at1.55 m wavelength.
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I also have calculated the propagation distance and the figure-of-merit of the
triangular cross section silver nanoridge waveguide for different triangle height and
nanoridge width at the 1.55 m wavelength. The results are shown in Figure 3.10. The
horizontal axis is the height of the triangular ridge from 0 to 1000 nm. The vertical axis is
the width of the nanoridge from 50 to 500 nm. It can be seen clearly that as the height of
the triangular ridge increases, the propagation distance and the figure-of-merit increase
first, and then decrease. The white dashed lines in Figure 3.10 indicate the triangular
cross sections in which the three wedge angles are the same at 120 degree. The
propagation distance and figure-of-merit reach the maximal values along this line. This is
because the plasmon mode energy is more equally distributed among three coupled
wedge modes.
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Figure 3.10 Propagation distance and figure-of-merit of triangular cross section nanoridge
waveguide mode versus the triangle height and the width of the nanoridge at 1.55 m
wavelength.

3.9

Summary
I investigated the propagating plasmon modes supported by triangular silver

nanoridge waveguides. I calculated the mode dispersions, propagation distances, mode
sizes, and the figure-of-merits of these nanoridge plasmon modes. It is found that as the
height of the triangle increases, the propagation distance and the figure-of-merit first
increase, and after reaching a plateau decrease quickly. When the triangle height falls
between 20 – 50 nm for 120 nm wide silver ridges, the ridge plasmon modes have the
longest propagation distance and the highest figure-of-merit. The triangular ridge
waveguides with 20 – 50 nm triangle height have better performance in terms of the
propagation distance and figure-merit than flat-top nanoridge. By varying the nanoridge
width and the triangle height, the propagation distance and the figure-of-merit reach
maximal values when the three wedge angles approach the same at 120 degree. When the
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three wedge angles are at 120 degree, the plasmon mode energy of triangular cross
section ridge waveguide is more equally distributed among three equal angle wedges.
This work suggests, that for building lower loss and tighter confinement nanoridge
plasmon waveguide circuits, a triangular nanoridge waveguide with the top wedge angle
of 120 degree, represents an optimal trade-off between the mode confinement and
propagation distance.
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CHAPTER 4

INVERTED TRIANGULAR NANORIDGE WAVEGUIDES

Propagating two-dimensional plasmon modes guided along the inverted triangular
silver nanoridge waveguides are investigated in this chapter. Mode field profiles,
dispersion curves, propagation distances, and figure-of-merits of the plasmon ridge
modes are calculated for various inverted triangular silver nanoridge waveguides. An
inverted triangular cross section nanoridge mode can be considered as a hybrid mode of
two metal wedge plasmon modes. When inverted triangle depth increases, the
propagation distance and the figure-of-merit decrease dramatically, suggesting the poorer
performance when compared to the flat-top nanoridge plasmon waveguide.
In this chapter, comprehensive numerical investigations on the plasmon modes
supported by inverted triangular cross section silver nanoridge waveguides are presented.
The motivation for investigating such metal nanoridge waveguides is to find an optimal
structure that gives longer propagation distance and higher figure-of-merit. I calculate the
mode field distributions, mode indices, dispersion curves, propagation distances, mode
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sizes, and the figure-of-merits of inverted triangular silver nanoridges with different
triangular depths as well as their dependence on the wavelength.
4.1

Inverted triangular nanoridges
The inverted triangular nanoridge waveguides are systematically investigated in

this section, whose 3D view and cross section are plotted in Figure 4.1(a) and Figure
4.1(b), respectively. An inverted triangle with depth (d) in the y-direction is removed
from the top of the nanoridge plasmonic waveguide.

Figure 4.1

(a) 3D view of the inverted triangular nanoridge plasmon waveguide. (b) Cross section
of the inverted triangle nanoridge plasmon waveguide.

4.2 Mode distributions
I calculated the electric field intensity distributions of the fundamental plasmon
propagating modes supported by inverted triangular nanoridges of different inverted
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triangle depths (d = 0 nm, 20 nm, 40 nm, 60 nm, 80 nm, and 100 nm) at the 1.55 m
wavelength. The widths of the nanoridges are all at 120 nm. The results are shown in
Figure 4.2. It can be seen that at any depth of the inverted triangular nanoridge, the mode
has only two hot spots. Unlike V-shape trenches in metal surfaces [34, 39-42, 46, 48, 49],
there is no hot spot at the bottom of the inverted triangular nanoridge waveguide. The
electrons in the inverted triangular nanoridge waveguide are unstable at the bottom of the
inverted triangle, so the electrons will move to the two sharp corners on the top of this
structure. And it is apparent that as the depth increases, the hot spots of the modes do not
move, but the modes become more tightly confined at the two hot spots on the top of the
inverted triangular nanoridges. The plasmon mode of the inverted triangular nanoridge
can be considered as a hybrid mode consisting of two wedge plasmon modes.

Figure 4.2

Electric field intensity distributions of the 120 nm wide inverted triangular nanoridge
plasmon waveguide with the inverted triangle depth equals (a) 0 nm, (b) 20 nm, (c) 40
nm, (d) 60 nm, (e) 80 nm, and (f) 100 nm, at 1.55 m wavelength.
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4.3 Dispersion relations
The mode dispersion curves for inverted triangular silver nanoridges of different
inverted triangle depths are shown in Figure 4.3. The black solid line and dashed line are
the dispersion curves of the light line in air, and the silver-air flat plasmon mode,
respectively. The inverted triangle depth increases from the zero (the flat-top ridge) to
120 nm. As the frequency or the inverted triangle depth increases, the plasmon mode
dispersion curves of all ridges drift away from the light line in air, leading to the slower
group velocity and tighter mode confinement at the two sharp corners.

Figure 4.3

Dispersion curves of the silver inverted triangular nanoridge plasmon waveguides of
different inverted triangle depths and the comparison with the dispersion curve of the
silver-air flat plasmon mode.
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4.4 Mode index
The real and imaginary part of the inverted triangular nanoridge mode index
versus the wavelength for several different inverted triangle depths (d = 0 nm, 30 nm, 60
nm, 90 nm, and 120 nm) are plotted in Figure 4.4, where the black dashed lines are those
of the silver-air flat plasmon mode. It can be seen that as the inverted triangle depth
decreases or the wavelength increases, both the real and imaginary part of the inverted
triangular nanoridge mode index are reduced, indicating the reduction of the mode
confinement and propagation loss.
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Figure 4.4

(a) Real part of the mode index versus wavelength for different inverted triangle depths
and the comparison with the real part of the silver-air flat plasmon mode index. (b)
Imaginary part of the mode index versus wavelength for different inverted triangle
depths and the comparison with the imaginary part of the silver-air flat plasmon mode
index.

The real part and imaginary part of the mode index versus the inverted triangle
depth at the telecommunication wavelength of 1.55 m are shown in Figure 4.5. It can be
seen that as the inverted triangle depth increase, both of the real and imaginary part of the
mode index increase rapidly, which indicates quick rise of attenuation and confinement.
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Figure 4.5

Real and imaginary part of the mode index as a function of the inverted triangle depth at
1.55 m wavelength.

4.5 Propagation distance
The propagation distances are calculated for nanoridge waveguides of different
inverted triangle depths at different free space wavelength, via (1.36). The results are
shown in Figure 4.6(a-b). It can be seen that as the wavelength increases, the propagation
distance increases. The inverted triangular nanoridge can be considered as a hybrid mode
consisting of two wedge plasmon modes. As the inverted triangle depth increases, the
coupled wedge plasmon modes of the inverted triangular nanoridge have larger loss, so
the nanoridge plasmon mode has the smaller propagation distance.
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Figure 4.6

(a) Propagation distance versus wavelength and inverted triangle depth. (b) Propagation
distance of the inverted triangular nanoridge mode as a function of free space
wavelength for different inverted triangle depths.

4.6 Mode size
The mode size of the inverted triangular nanoridge waveguide versus the free
space wavelength and inverted triangle depth, via (2.4), is shown in Figure 4.7(a), while
Figure 4.7(b) shows that the mode size versus the free space wavelength for the inverted
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triangular nanoridge of different inverted triangle depths. Here is seen that as the
wavelength increases or the inverted triangle depth decreases, the mode size increases.

Figure 4.7

(a) Mode size versus the wavelength and inverted triangle depth. (b) Mode size of the
inverted triangular nanoridge plasmon mode as a function of free space wavelength for
different inverted triangle depths.
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4.7 Figure-of-merit
To characterize the trade-off between the attenuation and the confinement of the
inverted triangular nanoridge waveguide, I calculate the figure-of-merit as defined in
(2.5). Figure 4.8(a) shows the figure-of-merit of the inverted triangular nanoridge
waveguide versus wavelength and inverted triangle depth, while Figure 4.8(b) shows the
figure-of-merit versus the wavelength for several different inverted triangle depths. It can
be seen that as the wavelength increases, the figure-of-merit first increases and then
decreases. For all inverted triangular nanoridge of various depths considered in this study,
the figure-of merit reaches the maximum at 1.05 m wavelength. It also can be seen that
as the inverted triangle depth increases, the figure-of-merit decreases rapidly.
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Figure 4.8

4.8

(a) Figure-of-merit versus the wavelength and inverted triangle depth. (b) Figure-ofmerit versus the wavelength for several inverted triangle depths.

Disadvantage of inverted triangular nanoridges
I also calculate the propagation distance and the figure-of-merit of the inverted

triangular nanoridge waveguide versus the inverted triangle depth at the 1.55 m
wavelength. The results are shown in Figure 4.9. As the inverted triangle depth increases,
both of the propagation distance and the figure-of-merit are seen to decrease dramatically.
Therefore, when the nanoridge waveguides are fabricated, the concave on the top of the
nanoridges should be avoided.
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Figure 4.9

4.9

Propagation distance and figure-of-merit of inverted triangular nanoridge plasmon
waveguide mode versus the inverted triangle depth at 1.55 m wavelength.

Summary
I investigated the propagating plasmon modes supported by inverted triangular

silver nanoridge waveguides. I calculated the mode dispersions, propagation distances,
mode sizes, and the figure-of-merits of these nanoridge plasmon modes. For the inverted
triangular nanoridge waveguides, it is found that the propagation distance and the figureof-merit decrease dramatically when the inverted triangle depth increases. This indicates
that inverted triangular nanoridge plasmon waveguides have poorer performance when
compared to the flat-top nanoridge plasmon waveguides. Therefore, when the nanoridge
waveguides are fabricated, the concave on the top of the nanoridges should be avoided.
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CHAPTER 5

ELLIPTICAL NANORIDGE WAVEGUIDES

Propagating two-dimensional plasmon polariton modes guided by elliptical cross
section silver nanoridges are investigated in this chapter. Mode field profiles, dispersion
curves, propagation distances, and figure-of-merits of the plasmon modes are calculated
for various elliptical cross section silver nanoridges. It is found that the elliptical cross
section metal nanoridge, if designed properly, can support a tightly confined plasmon
mode with a longer propagation distance and a higher figure-of-merit than the flat-top
nanoridge waveguide of the same width. The optimal nanoridge waveguide is obtained
when the elliptical waveguide cross section becomes a semicircular cross section. When
the curvature of the elliptical nanoridge is large, the nanoridge plasmon mode approaches
the wedge plasmon mode.
This chapter presents comprehensive numerical investigations on the plasmon
modes supported by elliptical cross section silver nanoridges. Mode field distributions,
mode indices, dispersion curves, propagation distances, mode sizes, and the figure-ofmerits of silver nanoridge plasmon waveguides with various surface curvatures are
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calculated. The motivation for investigating such elliptical cross section metal nanoridge
waveguides is to find an optimal geometry that provides longer propagation distance and
higher figure-of-merit. In addition, as will be shown, elliptical cross section nanoridge
waveguides provide more uniform distributions of the plasmon mode fields when
compared to the flat-top and wedge plasmon waveguides. This feature is important in
applications requiring an expanded interaction region such as chemical and biological
sensing. Elliptical cross section nanoridge plasmon waveguides can be fabricated with the
focused ion beam (FIB) milling technique. FIB is a very powerful nanofabrication
technique for realizing nanoscale structures and shapes in various materials [83].
5.1

Elliptical nanoridges
The 3D view and cross section of such an elliptical silver nanoridge waveguide

are shown in Figure 5.1(a) and (b), where the nano-scale metal ridge is extended in the zdirection with its width (w) in the x-direction and the half ellipse height (h) in the ydirection. The plasmon mode propagates along the ridge top in the z-direction. I assume
the height of the ridge is sufficiently high that the substrate does not influence the ridge
mode. The geometry of the elliptical cross section nanoridge is symmetric in x-axis, and
non-symmetric in y-axis. My previous work on the plasmon modes supported by the flattop silver nanoridges [80] has found that a ridge width of 120 nm produces an optimal
compromise between propagation distance and mode confinement. In this study, I thus
fix the ridge width at 120 nm, for all elliptical cross section nanoridges investigated.
To describe the elliptical cross section, I use the curvature (), instead of the
height (h). The curvature is the reciprocal of the radius of curvature (R). The radius of
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curvature at the top of the ridge is R=w2/4h. Thus, the curvature at the top of the ridge is

=1/R=4h/w2.

Figure 5.1

(a) 3D view of the elliptical nanoridge plasmon waveguide. (b) Cross section of the
elliptical nanoridge plasmon waveguide.

5.2 Mode profiles
I use a full-vectorial finite-difference mode solver [88] developed by Lumerical
Solutions, Inc. to calculate the 2D plasmon modes of the nanoridge plasmon waveguides.
The finite-difference method uses Yee’s 2D mesh with appropriate boundary conditions
to numerically solve Maxwell’s equations in the frequency domain. Solving the Maxwell
equations becomes a problem of solving an eigenvalue problem. The mode index is
obtained by solving the eigenvalue equation.
I consider the situation where the surrounding medium of the nanoridges is air (d
= 1.0), and the nanoridges are made of silver with its electric permittivity m=-127.5-5.3j
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at the telecommunication wavelength of 1.55 m [87]. For the flat-top ridge with a width
of 120 nm, the mode effective index and the attenuation coefficient are found to be
neff=1.018-0.00074j and 261.87 dB/cm, respectively. Although this study investigates
silver as the ridge material, the analysis can obviously be extended to other types of
metals and high electron density materials, such as heavily doped semiconductors [98100] at different wavelengths.
I calculated the real and imaginary parts of the mode field components of the 120
nm wide elliptical silver nanoridge plasmon waveguide with  = 16.67 m-1 (h = 60 nm)
at the 1.55 m wavelength. It is found that the real parts of Ex and Ey are three orders of
magnitude larger than the imaginary parts of Ex and Ey. The real parts of Hx and Hy are
two orders of magnitude larger than the imaginary parts of Hx and Hy. But the real parts
of Ez and Hz are two orders of magnitude less than the imaginary parts of Ez and Hz. So, I
plot the real part of Ex, the real part of Ey, and the imaginary part of Ez mode profiles in
the Figure 5.2(a-c). Also, I plot the real part of Hx, the real part of Hy, and the imaginary
part of Hz mode profiles in the Figure 5.2(d-f). It can be seen that the Ey mode profile and
Hx mode profile are symmetrical with respect to the center of the metal ridge (i.e. x=0
plane), while the Ex and Hy profiles are anti-symmetrical with respect to the x=0 plane for
such a plasmon mode propagating along the top surface of an elliptical metal ridge. The
flat-top nanoridges ( = 0 m-1) have the similar symmetric properties with elliptical
nanoridges [80]. The asb0 mode and the ssb0 mode of the finite width metal stripe in
vacuum [11] can be considered as coupled two flat-top nanoridges located at the left and
right sides of the finite width metal stripe.
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Figure 5.2

The mode profiles at 1.55 m wavelength: (a) real part of the electric field Ex, (b) real
part of the electric field Ey, (c) imaginary part of the electric field Ez, (d) real part of the
magnetic field Hx, (e) real part of the magnetic field Hy, (f) imaginary part of the
magnetic field Hz.

I also calculated the field amplitudes of the three vectorial components of the 120
nm wide elliptical silver nanoridge plasmon waveguide with  = 16.67 m-1 (h = 60 nm)
at the 1.55 m wavelength. Figure 5.3 (a)-(c) are the mode amplitude profiles of three
electric field components (Ex, Ey, Ez) at the 1.55 m wavelength. Figure 5.3 (d)-(f) are the
mode amplitude profiles of three magnetic field components (Hx, Hy, Hz) of the elliptical
nanoridge waveguide at the same wavelength. It can be seen that the major components
of the electric field are in the transverse directions, which are about one order of
magnitude larger than the longitudinal component of the electric field Ez. The major
magnetic field components are also in the transverse directions, which are one order of
magnitude larger than the longitudinal component of the magnetic field Hz. Therefore, the
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elliptical cross section nanoridge plasmon mode can be considered as a quasi-transverse
electromagnetic (TEM) mode.

Figure 5.3

(a)-(c) are the electric field (Ex, Ey, Ez) amplitude mode profiles of an elliptical silver
nanoridge with  = 16.67 m-1 (h = 60 nm) at 1.55 m wavelength; (d)-(f) are the
magnetic field (Hx, Hy, Hz) amplitude mode profiles of the silver nanoridge with  =
16.67 m-1 (h = 60 nm) at 1.55 m wavelength.

5.3 Mode distributions
I calculated the electric field intensity distributions of the fundamental plasmon
propagating modes supported by elliptical nanoridges of different curvatures at the
wavelength of 1.55 m with width of the nanoridges set to 120 nm in all cases. Figure
5.4(a) shows that the electric field intensity distribution of the flat-top nanoridge has two
hot spots located at each corner of the ridge, which can be considered as a hybrid mode of
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two 90°wedge plasmon modes first described in Ref. [80]. Figure 5.4(b-f) shows the
electric field intensity distributions of the elliptical nanoridge plasmon modes with the
curvature of 15 μm-1, 30 μm-1, 70 μm-1, 110 μm-1, and 150 μm-1, respectively. It can be
seen that for the elliptical nanoridge with a curvature between 9 and 18 μm-1, the mode
spans the entire ridge. As the curvature increases, the mode progressively converges
towards the tip of the ellipse with increasing mode confinement. As the curvature
increases to above 18 μm-1, the mode converges to only one hot spot at the top of the
ridge, which can be considered as a small angle wedge mode. It is also found that the
mode energy is distributed over the entire ridge when the curvature is small. In this case,
the elliptical nanoridge mode is seen to be insensitive to the change of curvature.
However, once the curvature becomes greater than18 m-1, the mode is seen to be
concentrated at the top of the elliptical ridge, and is seen to rapidly intensify with the
increasing curvature. It also can be seen that the plasmon mode of the rounded finite
width metal strip [14] can be considered as the coupled two elliptical nanoridge modes
located at the left and right sides of the metal stripe.
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Figure 5.4

Electric field intensity distributions of the 120 nm wide elliptical nanoridge plasmon
waveguide with curvature equal to (a) 0 m-1, (b) 15 m-1, (c) 30 m-1, (d) 70 m-1, (e)
110 m-1, and (f) 150 m-1 at 1.55 m wavelength.

5.4 Dispersion relations
The mode dispersion curves of elliptical silver nanoridges of different curvatures
are calculated and shown in Figure 5.5. The black solid line is the light line in air. The
black dashed line is the plasmon dispersion curve associated with the silver-air flat
interface. In this figure, for all the curvatures, as the frequency increases, the plasmon
mode dispersion curves drift away from the light line in air, suggesting slower group
velocity and tighter mode confinement. This effect is far more pronounced for ridges with
larger curvature. This is in contrast to the effects of the curvature on the dispersion curve,
which is more easily seen in the inset of Figure 5.5. Here, as the curvature increases from
zero (i.e. the flat-top nanoridge), the dispersion curve first moves toward the light line (i.e.
to the left side of the flat-top nanoridge dispersion curve in the inset), indicating a
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reduction in mode confinement. Once the curvature increases above 16.67 m-1, the
dispersion curve moves away from the light line and eventually falls in the right side of
the zero curvature case, indicating the increase of both the mode confinement and
propagation attenuation. The red line is the dispersion curve of the flat-top nanoridge
waveguide. The blue line is the dispersion curve of the nanoridge waveguide with 15 m1

curvature. The green line is the dispersion curve of the nanoridge waveguide with 30

m-1 curvature. The magenta and cyan dashed lines are the dispersion curves of the
nanoridge waveguides with the curvature of 90 m-1 and 150 m-1, respectively. It is also
seen that the dispersion curves of ridges with curvatures between 9 and 18 m-1 are
relatively insensitive to curvature changes. While beyond a curvature of 18m-1, the
mode intensity is more concentrated to the tip of the elliptical ridge. The dispersion curve
moves rapidly away from the light line when the curvature of the elliptical ridge
continues to increase, and the ridge plasmon mode gradually approaches a wedge
plasmon mode.
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Figure 5.5

Dispersion curves of the silver elliptical nanoridge plasmon waveguides of different
curvatures and the comparison with the dispersion curve of the silver-air flat surface
plasmon mode.

5.5 Mode index
The real and imaginary parts of the elliptical nanoridge mode index versus the
wavelength for several different curvatures ( = 0 m-1, 15 m-1, 30m-1, 90m-1, and
150 m-1) are plotted in Figure 5.6, where the black dashed lines are those of the silverair flat plasmon mode. As the wavelength increases, both the real and imaginary parts of
the elliptical nanoridge mode index decrease, indicating a reduction in the mode
confinement as well as the propagation loss. It also can be seen that when the curvature
increases from the zero, both the real and imaginary part of the elliptical nanoridge mode
index first reduce, and further increase of the curvature increases those of the elliptical
nanoridge mode index, which is consistent with the results shown in Figure 5.4 and
Figure 5.5.
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Figure 5.6

(a) Real part and (b) imaginary part of the mode index versus the wavelength for
different curvatures and the comparison with those of the silver-air flat plasmon mode
index.

The real and imaginary parts of the mode index versus the curvature at 1.55 m
wavelength are shown in Figure 5.7. Interestingly, both the real and imaginary parts of
the elliptical nanoridge mode index are first seen to decrease with an initial increase in
the elliptical curvature, indicating a reduction in propagation attenuation and mode
confinement, however, after reaching minimum values at 16.67 m-1, rapid increase in
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both real and imaginary parts of the mode index is observed, which corresponds to a
quick rise in both attenuation and confinement. It is interesting to note that considering
the 120 nm ridge width here, a semi-circle of 60 nm radius would have a curvature of
16.67 m-1. This suggests that a semicircular geometry is the optimal for reduced
propagation loss and increased mode confinement.

Figure 5.7

Real and imaginary parts of the mode index versus the curvature at 1.55 m
wavelength.

5.6 Propagation distance
The propagation distances are calculated for the elliptical nanoridge plasmon
waveguide at different curvatures and different free space wavelengths, via (1.36). The
results are shown in Figure 5.8 (a) and (b). It can be seen that at any given wavelength as
the curvature increases, the propagation distance first increases, and then reaches plateau
for curvature between 9 and 18 m-1, after which it is seen to decrease rather rapidly. As
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the wavelength increases, the propagation distance also increases. As discussed in the Ref.
[49], for the wedge plasmon mode, the propagation loss increases dramatically as the
wedge angle decreases. When the curvature is between 9 and 18 m-1, it appears that the
mode energy is distributed more evenly along the entire ridge, and the associated
nanoridge plasmon mode can be considered as an infinite number of coupled large-angle
wedge plasmon modes. Within this curvature range, these coupled wedge plasmon modes
of the elliptical nanoridge have smaller loss, so the nanoridge plasmon mode has the
longest propagation distance.
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Figure 5.8

(a) Propagation distance versus the wavelength and the curvature. (b) Propagation
distance of the elliptical nanoridge mode versus the free space wavelength for different
curvatures.

5.7 Mode size
The mode size of elliptical nanoridge is different from that of the flat-top
nanoridge, defined in (2.4), as
MS = 1/2+1/2=1/

(5.1)

The mode size versus the free space wavelength and the ellptical curvature is
shown in Figure 5.9(a), while Figure 5.9(b) shows the mode size versus the free space
wavelength at various elliptical curvatures. Here it is seen that the mode size increases as
the wavelength increases. Once again, for the curvature smaller than 9 m-1, the mode
size slightly increases, but when the curvature increases higher than 18 m-1, the mode
size decreases rapidly.
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Figure 5.9

(a) Mode size versus the wavelength and curvature. (b) Mode size of the elliptical
nanoridge plasmon mode versus the free space wavelength for different curvatures.

5.8 Figure-of-merit
Since the mode size of the elliptical nanoridge is different from that of the flat-top
nanoridge. The figure-of-merit of elliptical nanoridge is also different from that of the
flat-top nanoridge, defined in (2.5), as
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FoM  (1/ 2 ) /(1/  )   / 2

(5.2)

I calculated the figure-of-merit versus the wavelength and the curvature. The
results are shown in Figure 5.10(a). Figure 5.10(b) shows the figure-of-merit versus the
wavelength for several different curvatures. It can be seen from Figure 5.10(a) and (b)
that the figure-of-merit reaches a maximum at the 1.05 m wavelength for all curvatures
considered in this study. It also can be seen that the magnitude of the figure-of-merit peak
is related to the curvature, with values between 9 and 18 m-1 producing figure-of-merits
that are larger than those obtained for even the zero curvature (the flat-top nanoridge).
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Figure 5.10 (a) Figure-of-merit versus the wavelength and the curvature. (b) Figure-of-merit versus
the wavelength for several curvatures.

5.9 Optimal elliptical nanoridges
I specifically calculated the propagation distance and the figure-of-merit for the
120 nm wide elliptical nanoridge waveguide versus the curvature at the wavelength of
1.55 m. The results are shown in Figure 5.11. As the curvature increases, both the
propagation distance and the figure-of-merit increase when the curvature is less than 9
μm-1, and reach a plateau when the curvature is between 9 and 18 μm-1, after which both
are seen to decrease dramatically. It is concluded that for the 120 nm wide elliptical cross
section silver nanoridge waveguides discussed here, the best performance can be obtained
with a curvature between 9 and 18 m-1 at all wavelengths, with the ultimate performance
being obtained when the excitation wavelength is roughly 1.05 m.
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Figure 5.11 Propagation distance and figure-of-merit of elliptical nanoridge waveguide mode versus
the curvature at 1.55 m wavelength.

I also have calculated the propagation distance and the figure-of-merit for
different elliptical height and nanoridge width at the 1.55 m wavelength. The results are
shown in Figure 5.12. The horizontal axis is the ellipse height of the nanoridge from 0 to
1000 nm. The vertical axis is the width of the nanoridge from 50 to 500 nm. It can be
seen that as the height of the elliptical ridge increases, the propagation distance and the
figure-of-merit increase first, and then decrease. The white dashed lines in the Figure
5.12 indicate the elliptical cross sections which become semi-circles. The propagation
distance and figure-of-merit reach the maximal values along this line. This is because the
plasmon mode energy is more uniformly distributed over the entire ridge, when the cross
section of the nanoridge waveguide becomes a semi-circle.
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Figure 5.12 Propagation distance and figure-of-merit versus the height and the width at 1.55 m
wavelength.

5.10

Conclusions
Propagating plasmon modes supported by elliptical cross section silver

nanoridges are investigated in this chapter. I calculated the dispersion curves, propagation
distances, mode sizes, and the figure-of-merits of these nanoridge plasmon modes. It is
found that as the curvature of the elliptical nanoridge increases, both the propagation
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distance and the figure-of-merit first increase, reach a plateau, and then decrease
dramatically. When the curvature falls between 9 and 18 μm-1 for 120 nm wide silver
elliptical ridges, the ridge plasmon modes have the longest propagation distance and the
highest figure-of-merit. The elliptical nanoridge waveguides with the curvature between
9 and 18 μm-1 have better performance in terms of the propagation distance and figure-ofmerit than the flat-top nanoridge waveguides investigated previously in 0. It is found that
the semicircular cross section nanoridge waveguides, which give more uniformly mode
energy distribution over the entire ridge surfaces, represent an optimal trade-off between
mode confinement and propagation distance. The elliptical cross section nanoridge
waveguides investigated in this chapter are very desirable for applications that require
large surface interaction area, such as in chemical and biological sensing.
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CHAPTER 6

SEMICIRCULAR NANORIDGE WAVEGUIDES

Propagating two-dimensional plasmon polariton modes guided by semicircular
cross section metal nanoridges are investigated in this chapter. Mode field profiles,
dispersion curves, propagation distances, confinement factors, and figure-of-merits of the
plasmon nanoridge modes are calculated for various radii of semicircular cross section. It
has been found that there is only one guided mode of the semicircular nanoridge
waveguide. It is also found that a semicircular cross section metal nanoridge can support
a well-confined plasmon mode with a longer propagation distance and a higher figure-ofmerit than the cylindrical plasmon waveguide of the same radius.
This chapter presents comprehensive numerical investigations on the plasmon
modes supported by semicircular cross section metal nanoridges. I calculate the mode
field distributions, mode indices, dispersion curves, propagation distances, mode sizes,
confinement factors, and figure-of-merits of these metal nanoridges with various
semicircular radii, and compare them with the cylindrical plasmon waveguides. The
motivation for investigating such semicircular cross section metal nanoridge waveguides
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is to find an optimal geometry that provides longer propagation distance and higher
figure-of-merit. In addition, as will be shown, semicircular cross section nanoridge
waveguides provide more uniform distributions of the SPP mode fields when compared
to the flat-top and triangular cross section plasmon waveguides. This feature is important
in applications requiring an expanded interaction region such as in chemical and
biological sensing. Semicircular cross section nanoridge plasmon waveguides can be
fabricated with the focused ion beam (FIB) milling technique. FIB is a very powerful
nanofabrication technique for realizing nanoscale structures and shapes in various
materials [83].
6.1

Semicircular nanoridges
The 3D view and cross section of such a semicircular metal nanoridge with

semicircular radius (r) are shown in Figure 6.1(a) and (b), respectively, where the nanoscale metal ridge is extended in the z direction with its width (w = 2r) in the x direction.
The plasmon mode propagates along the ridge top in the z direction. The geometry of the
semicircular cross section nanoridge is symmetric in x axis, and non-symmetric in y axis.
I assume that the height of the ridge is sufficiently high that the substrate does not
influence the ridge plasmon mode.

86

Figure 6.1

(a) 3D view of the semicircular nanoridge plasmon waveguide. (b) Cross section of the
semicircular nanoridge plasmon waveguide.

6.2 Mode profiles
I use a full-vectorial finite-difference mode solver [88] developed by Lumerical
Solutions, Inc. to calculate the 2D plasmon modes of the nanoridge plasmon waveguides.
The finite-difference method uses Yee’s 2D mesh with appropriate boundary conditions
to numerically solve Maxwell’s equations in the frequency domain. Solving the Maxwell
equations becomes a problem of solving an eigenvalue problem. The mode index is
obtained by solving the eigenvalue equation.
I consider the situation where the surrounding medium of the nanoridges is air (d
= 1.0), and the nanoridges are made of silver with its electric permittivity m=-127.5-5.3j
at the telecommunication wavelength of 1.55 m [87]. For the semicircular ridge with a
radius of 250 nm, the mode effective index and the attenuation coefficient are found to be
neff=1.012-0.00044j and 154.74 dB/cm, respectively. Although this study investigates
silver as the nanoridge material, the analysis can obviously be extended to other types of
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metals and high electron density materials, such as heavily doped semiconductors [98100] at different wavelengths.
I calculated the real and imaginary parts of the mode field components of the 250
nm radius semicircular silver nanoridge plasmon waveguide at the 1.55 m wavelength.
It can be found that the real parts of transverse components (Er, E, Hr, H) are three
orders of magnitude larger than their corresponding imaginary parts. But the real parts of
longitudinal components (Ez, Hz) are two orders of magnitude less than the corresponding
imaginary parts. So, I plot the real part of Er, the real part of E, and the imaginary part of
Ez mode profiles in the Figure 6.2(a-c). Also, I plot the real part of Hr, the real part of H,
and the imaginary part of Hz mode profiles in the Figure 6.2(d-f). The major component
of the electric field is the transverse component Er, as expected. The longitudinal
component of the electric field Ez is roughly one order of magnitude less than the
transverse components. The major magnetic field component is the transverse component
H, while the longitudinal component of the magnetic field Hz is also one order of
magnitude less than the transverse components. Based on these results, the semicircular
cross section nanoridge plasmon modes can be considered as a quasi-circular
electromagnetic mode. From Figure 6.2, it can be seen that the Er mode profile and H
mode profile are symmetrical with respect to the center of the metal ridge (i.e. x=0 plane),
while the E and Hr profiles are anti-symmetrical with respect to the x=0 plane as
expected, for such a plasmon mode propagating along the top surface of a semicircular
metal ridge.
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Figure 6.2

The mode profiles of a semicircular silver nanoridge with r = 250 nm at 1.55 m
wavelength: (a) real part of the electric field Er, (b) real part of the electric field E, (c)
imaginary part of the electric field Ez, (d) real part of the magnetic field Hr, (e) real part
of the magnetic field H, (f) imaginary part of the magnetic field Hz.

I also plot the real part of Er, real part of E, imaginary part of Ez, real part of Hr,
real part of H, and imaginary part of Hz mode profiles of the 250 nm radius cylindrical
plasmon waveguide at the 1.55 m wavelength in the Figure 6.3(a-f). The major
component of the electric field is the transverse component Er, as expected. The
longitudinal component of the electric field Ez is seen to be much smaller than the
transverse components. The major magnetic field component is the transverse component
H, while the longitudinal component of the magnetic field Hz is also seen to be much
smaller than the transverse components. Based on these results, the semicircular cross
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section nanoridge plasmon modes can be considered as a quasi-circular electromagnetic
mode.

Figure 6.3

The mode profiles of a cylindrical plasmon waveguide with r = 250 nm at 1.55 m
wavelength: (a) real part of the electric field Er, (b) real part of the electric field E, (c)
imaginary part of the electric field Ez, (d) real part of the magnetic field Hr, (e) real part
of the magnetic field H, (f) imaginary part of the magnetic field Hz.

6.3 Dispersion relations
The mode dispersion curves for the semicircular silver nanoridges of different
radii are calculated and shown in Figure 6.4. The black solid line is the light line in air,
and the black dashed line is the plasmon mode dispersion curve associated with the
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metal-air flat surface. In this figure, for all the radii, as the frequency increases, the
plasmon mode dispersion curves drift shift away from the light line in air, suggesting
slower group velocity and tighter mode confinement. This effect is far more pronounced
for ridges with smaller radius. This is similar to the effects of the radius on the dispersion
curves. Here, as the radius increases from 25 nm to 500 nm, the dispersion curves
approach toward the light line, indicating a reduction in mode confinement and
propagation attenuation. When the radius of the semicircular ridge continues to increase,
the ridge plasmon mode gradually approaches a metal-air flat surface.

Figure 6.4

Dispersion curves of the silver semicircular nanoridge plasmon waveguides of different
radii and the comparison with the dispersion curve of the metal-air flat plasmon mode.

6.4 Mode index versus radius
The real (solid) and imaginary (dashed) parts of the mode indices of the
semicircular nanoridges (black) and cylindrical plasmon waveguides (blue) versus the
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radius at 1.55 m wavelength are shown in Figure 6.5. Interestingly, both the real and
imaginary parts of the mode index are seen to decrease with the increase in the radius,
indicating a reduction in propagation attenuation and mode confinement. And the real
and imaginary parts of the mode indices of the semicircular nanoridges are much smaller
than those of the cylindrical plasmon waveguides, which suggests that the semicircular
nanoridges can have less propagation attenuation and mode confinement.

Figure 6.5

6.5

Real (solid) and imaginary (dashed) part of the mode indices of the semicircle
nanoridge (black) and cylindrical plasmon waveguide (blue) versus the radius at 1.55
m wavelength.

Propagation distance and figure-of-merit versus radius
I calculated the propagation distance, defined in (1.36), and the figure-of-merit,

defined in (5.2), for the semicircular nanoridge and cylindrical plasmon waveguide
versus the radius at the wavelength of 1.55 m. The results are shown in Figure 6.6. Here,
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it can be seen that as the radius increases, both the propagation distance and figure-ofmerit increase. And the propagation distance and figure-of-merit of the semicircular
nanoridges are larger than those of the cylindrical plasmon waveguides.

Figure 6.6

6.6

Propagation distance (solid) and figure-of-merit (dashed) of the semicircle nanoridge
(black) and cylindrical plasmon waveguide (blue) versus the radius at 1.55 m
wavelength.

Mode index
The real and imaginary parts of the semicircular nanoridge mode index versus the

wavelength for several different radii (r = 25 nm, 50 nm, 100 nm, 300 nm, and 500 nm)
are plotted in Figure 6.7, where the black dashed lines are those of the metal-air flat
plasmon mode. As the wavelength increases, both the real and imaginary parts of the
semicircular nanoridge mode index decrease, indicating a reduction in the mode
confinement as well as the propagation loss. It also can be seen when the radius increases,
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both the real and imaginary part of the semicircular nanoridge mode index reduce, which
is consistent with the results shown in Figure 6.2, Figure 6.4, Figure 6.5, and Figure 6.6.

Figure 6.7

(a) Real part and (b) imaginary part of the mode indices of the semicircular nanoridge
versus the wavelength for different radii and the comparison with those of the metal-air
flat plasmon mode index.
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6.7

Propagation distance
The propagation distances are calculated for the semicircular nanoridge plasmon

waveguide at different radius and different free space wavelengths. The results are shown
in Figure 6.8 (a) and (b). It can be seen that as the wavelength or radius increases, the
propagation distance increases.

Figure 6.8

(a) Propagation distance of the semicircular nanoridge versus the free space wavelength
for different radii. (b) Propagation distance of the semicircular nanoridge versus the
wavelength and the radius.
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6.8

Mode size
The mode size, defined in (5.1), versus the free space wavelength at various radii

is shown in Figure 6.9(a), while Figure 6.9(b) shows the mode size of the semicircular
nanoridge waveguide versus the free space wavelength and the radius. Here is seen that
the mode size increases, as the wavelength or radius increases.
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Figure 6.9

(a) Mode size of the semicircular nanoridge plasmon versus the free space wavelength
for different radii. (b) Mode size of the semicircular nanoridge versus the wavelength
and radius.

6.9 Confinement factor
Here, I define a confinement factor for the nanoridge plasmon waveguide as the
ratio of the wavelength over the mode size

CF   /(1/  )  

(6.1)

I calculated the confinement factor of the semicircular nanoridge versus the
wavelength for several different radii. The results are shown in Figure 6.10(a). While
Figure 6.10(b) shows the confinement factor of the semicircular nanoridge versus the
wavelength and radius. It can be seen from Figure 6.10(a) and (b) that as the radius or the
wavelength increases, the confinement factor decreases.
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Figure 6.10 (a) Confinement factor of the semicircular nanoridge plasmon versus the free space
wavelength for different radii. (b) Confinement factor of the semicircular nanoridge
versus the wavelength and radius.

6.10

Figure-of-merit
I calculated the figure-of-merit of the semicircular nanoridge versus the

wavelength for several different radii. The results are shown in Figure 6.11(a). While
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Figure 6.11(b) shows the figure-of-merit of the semicircular nanoridge versus the
wavelength and the radius. It can be seen from Figure 6.11(a) and (b) that the figure-ofmerit reaches a maximum at the 1.05 m wavelength for all radii considered in this study.
It might be the optical properties of the silver metal and the surrounding dielectric
material that cause the figure-of-merit peak around the 1.05 m wavelength. This
suggests 1.05 m as being the optimal operational wavelength for silver nanoridge
waveguides embedded in the air. It also can be seen that at any wavelength, as the radius
increases, figure-of-merit also increases.
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Figure 6.11 (a) Figure-of-merit of the semicircular nanoridge versus the wavelength for several
radii. (b) Figure-of-merit of the semicircular nanoridge versus the wavelength and the
radius.

6.11

Summary
I investigated the propagating plasmon modes supported by semicircular cross

section silver nanoridges. I calculated the mode field profiles, dispersions, propagation
distances, mode sizes, confinement factors, and the figure-of-merits of these nanoridge
plasmon modes. It is found that the optimal operational wavelength for silver nanoridge
waveguides embedded in the air is 1.05 m. It has been found that as the radius of the
semicircular nanoridge increases, both the propagation distance and the figure-of-merit
increase, but the confinement factor decreases dramatically. The semicircular nanoridge
waveguides have better performance in terms of the propagation distance and figure-ofmerit than the cylindrical nanoridge waveguides with the same radius. It is also found
that the semicircular cross section nanoridge waveguides, which give more uniformly
mode energy distribution over the entire ridge surfaces than the flat-top and triangular
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cross section plasmon waveguides, represent an optimal trade-off between mode
confinement and propagation distance. The semicircular cross section nanoridge
waveguides investigated in this chapter are very desirable for applications that require
large surface interaction area, such as in chemical and biological sensing.
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CHAPTER 7

HYBRID NANORIDGE WAVEGUIDES

Propagating two-dimensional plasmon polariton modes guided by hybrid silver
nanoridges are investigated in this chapter. Mode profiles, dispersion curves, propagation
distances, mode sizes, and figure-of-merits of the plasmon modes are calculated for
various hybrid silver nanoridges. It is found that the hybrid metal nanoridge with shell
thickness larger than 80 nm has almost the same propagation distance and figure-of-merit
with the semicircular nanoridge. It is also found that if the thickness is smaller than 80
nm, as the thickness decreases, the hybrid nanoridge supports a tightly confined plasmon
mode with a shorter propagation distance and a smaller figure-of-merit than the
semicircular nanoridge waveguide of the same radius, which indicates a poorer
performance compared with the semicircular nanoridges.
This chapter presents comprehensive numerical investigations on the plasmon
modes supported by hybrid silver nanoridges. Mode field distributions, mode indices,
dispersion curves, propagation distances, mode sizes, and the figure-of-merits of hybrid
silver nanoridge plasmon waveguides with various shell thicknesses are calculated. The
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hybrid nanoridge waveguides provide the uniform distributions of the plasmon mode
fields, which is important in applications requiring an expanded interaction region such
as chemical and biological sensing. Hybrid nanoridge plasmon waveguides can be
fabricated with the focused ion beam (FIB) milling technique. FIB is a very powerful
nanofabrication technique for realizing nanoscale structures and shapes in various
materials [83].
7.1

Hybrid nanoridges
The 3D view and cross section of such a hybrid silver nanoridge waveguide are

shown in Figure 7.1 (a) and (b), where the nano-scale metal ridge is extended in the zdirection with its width (w) in the x-direction and the half ellipse height (h) in the ydirection. The metal shell with shell thickness (t) embedded in the background SiO2, and
SiO2 is also filled in the metal shell. The plasmon mode propagates along the ridge top in
the z-direction. I assume the height of the ridge is sufficiently high that the substrate does
not influence the ridge mode. The geometry of the hybrid nanoridge is symmetric in xaxis, and non-symmetric in y-axis. My previous work on the plasmon modes supported
by the flat-top silver nanoridges [80] has found that a ridge width of 360 nm produces an
optimal compromise between propagation distance and mode confinement. In this study,
I thus fix the ridge width at 360 nm and the radius as 180 nm, for all hybrid nanoridges
investigated in this chapter.
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Figure 7.1

(a) 3D view of the hybrid nanoridge plasmon waveguide. (b) Cross section of the hybrid
nanoridge plasmon waveguide. The background material is SiO2.

7.2 Mode profiles
I use a full-vectorial finite-difference mode solver [88] developed by Lumerical
Solutions, Inc. to calculate the 2D plasmon modes of the nanoridge plasmon waveguides.
The finite-difference method uses Yee’s 2D mesh with appropriate boundary conditions
to numerically solve Maxwell’s equations in the frequency domain. Solving the Maxwell
equations becomes a problem of solving an eigenvalue problem. The mode index is
obtained by solving the eigenvalue equation.
I calculated the real and imaginary parts of the mode field components of the 360
nm wide hybrid silver nanoridge plasmon waveguide with the shell thickness t = 80 nm at
the 1.55 m wavelength. I found that the real parts of Ex and Ey are one order of
magnitude larger than the imaginary parts of Ex and Ey. The real parts of Hx and Hy are
one order of magnitude larger than the imaginary parts of Hx and Hy. But the real parts of

104

Ez and Hz are one order of magnitude less than the imaginary parts of Ez and Hz. So, I plot
the real part of Ex, the real part of Ey, and the imaginary part of Ez mode profiles in the
Figure 7.2(a-c). Also, I plot the real part of Hx, the real part of Hy, and the imaginary part
of Hz mode profiles in the Figure 7.2(d-f). It can be seen that the Ey mode profile and Hx
mode profile are symmetrical with respect to the center of the metal ridge (i.e. x=0 plane),
while the Ex and Hy profiles are anti-symmetrical with respect to the x=0 plane for such a
plasmon mode propagating along the top surface of a hybrid metal ridge. It also can be
seen that the major components of the electric field are in the transverse directions, which
are about two orders of magnitude larger than the longitudinal component of the electric
field Ez. The major magnetic field components are also in the transverse directions, which
are two orders of magnitude larger than the longitudinal component of the magnetic field
Hz. Therefore, the elliptical cross section nanoridge plasmon mode can be considered as a
quasi-transverse electromagnetic (TEM) mode.
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Figure 7.2

7.3

The mode profiles at 1.55 m wavelength: (a) real part of the electric field Ex, (b) real
part of the electric field Ey, (c) imaginary part of the electric field Ez, (d) real part of the
magnetic field Hx, (e) real part of the magnetic field Hy, (f) imaginary part of the
magnetic field Hz.

Mode index
The real and imaginary parts of the hybrid nanoridge mode index versus the

wavelength for several different shell thickness (t = 30 nm, 40 nm, 50 nm, 60 nm, 70 nm,
80 nm, 110 nm, and 130 nm) are plotted in Figure 7.3. As the wavelength increases, both
the real and imaginary parts of the hybrid nanoridge mode index decrease, indicating a
reduction in the mode confinement as well as the propagation loss. It also can be seen
when the shell thickness increases, both the real and imaginary part of the hybrid
nanoridge mode index reduce, and if the thickness is larger than 80 nm, both of the real
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and imaginary part are almost unchanged, which is because that the hybrid nanoridge
mode becomes the semicircular nanoridge mode at the ridge top.

Figure 7.3

(a) Real part and (b) imaginary part of the mode index versus the wavelength for
different shell thicknesses.
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7.4

Propagation distance
The propagation distances are calculated for the hybrid nanoridge plasmon

waveguide with different shell thicknesses and different free space wavelengths, via
(1.36). The results are shown in Figure 7.4. It can be seen that at any given wavelength as
the thickness increases, the propagation distance first increases, then almost keeps
unchanged for thickness larger than 80 nm. As the wavelength increases, the propagation
distance always increases.

Figure 7.4

7.5

Propagation distance of the hybrid nanoridge mode versus the free space wavelength for
different shell thicknesses.

Mode size
The mode size, defined in (5.1), versus the free space wavelength at various shell

thicknesses is shown in Figure 7.5. Here it is seen that the mode size increases as the
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wavelength increases. Once again, for the thickness smaller than 80 nm, the mode size
increases, but when the thickness increases larger than 80 nm, the mode size almost keeps
unchanged.

Figure 7.5

7.6

Mode size of the hybrid nanoridge plasmon mode versus the free space wavelength for
different shell thicknesses.

Figure-of-merit
I calculated the figure-of-merit, defined in (5.2), versus the wavelength for several

different shell thicknesses. The results are shown in Figure 7.6. It can be seen that the
figure-of-merit increases, as the wavelength increases. It also can be seen that as the
thickness increases the figure-of-merit increases rapidly if thickness is smaller than 80 nm,
but slightly if that is larger than 80 nm.
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Figure 7.6

7.7

Figure-of-merit versus the wavelength for several shell thicknesses.

Conclusions
Propagating plasmon modes supported by hybrid cross section silver nanoridges

are investigated in this chapter. I calculated the propagation distances, mode sizes, and
the figure-of-merits of these nanoridge plasmon modes. It is found that as the shell
thickness of the hybrid nanoridge increases, both the propagation distance and the figureof-merit first increase rapidly, but only slightly after reaching 80 nm.
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CHAPTER 8

SUMMARY

8.1

Summary
I investigated two-dimensional surface plasmon waveguide modes supported by

silver nanoridges with various geometric cross sections in this thesis. Mode field profiles,
dispersion relations, propagation distances, mode sizes, and figures-of-merit are
calculated for these silver nanoridge waveguide structures. It is found that there is only
one guided mode associated with the nanoridge. This mode is shown to be a quasi-TEM
mode with the longitudinal field components one order of magnitude smaller than the
transverse field components. The quasi-TEM nature of this mode reveals that free
electron oscillations located at the top of the nanoridge is the main contributor to the
tightly confined nature of this plasmon mode. It is also found that as the width of the
nanoridge decreases, the ridge mode becomes more tightly confined to the ridge top.
When the triangle height of the triangular nanoridge or the curvature of the elliptical
nanoridge is large, the nanoridge plasmon mode profile approaches a wedge plasmon
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mode. The triangular and elliptical cross section nanoridge waveguides, if designed
properly, can support tightly confined surface plasmon modes with longer propagation
distances and higher figures-of-merit than flat-top nanoridge plasmon waveguides of
similar width. The optimal elliptical nanoridge waveguide is obtained when the elliptical
waveguide cross section approaches that of a semicircular cross section, and the optimal
triangular nanoridge waveguide is obtained when the top wedge angle is approximately
120 degree. It is also found that a semicircular cross section metal nanoridge can support
a well-confined plasmon mode with a longer propagation distance and a higher figure-ofmerit than the cylindrical plasmon waveguide of the same radius.
8.2

Future work
The nanoridges investigated in this thesis are constructed by metal and dielectric

materials. However, I can use highly doped semiconductor instead of metal, to move the
operation wavelength into the infrared region. I can deposit a layer of gain material on the
top of nanoridge waveguides to create surface plasmon lasers or lossless surface plasmon
waveguides. It is also possible to have a nonlinear material layer on the top of nanoridge
to create the nonlinear signal processing devices.
Due to the small attenuation and high confinement, nanoridge surface plasmon
waveguides can be used as signal communication between nanoscale devices. I can
design the devices with high efficiency energy conversion between nanoridge
waveguides and other optical devices, such the optical fibers, silicon waveguides, and
photonic crystal waveguides. I can also research on the modulator, constructed by the
nanoridge surface plasmon ring resonator.
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In the future, it is also possible to investigate the sensing application of nanoridge
waveguides. Nanoridge waveguides can detect the surrounding material changing via the
difference of propagation distance and mode size. Due to the high quality factor of ring
resonator, nanoridge surface plasmon ring resonator has very high sensitivity for
bio/chemistry sensing.
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